Mesoporous solid acids Ta 3 W 7 and Nb 3 W 7 were prepared from TaCl 5 and NbCl 5 with WCl 6 in the presence of stearic acid (SA) via a sol-gel method, respectively. For comparison, mesoporous Ta 3 W 7 -P123 mixed oxides and mesoporous Nb 3 W 7 -P123 mixed oxides were synthesized in the same way. The catalysts were characterized through TGA, XRD, SEM, TEM, BET, and NH 3 -TPD. Experimental results showed that Ta 3 W 7 -SA and Nb 3 W 7 -SA exhibited several advantages such as higher activity, shorter preparation period, lower cost, stronger acid sites, and higher surface area, which had potential to be used as mesoporous heterogeneous catalysts in biodiesel production.
Introduction
Finding an environment-friendly, green, and sustainable energy to substitute fuel has become an urgent issue in the today's world [1] . Biodiesel, a biodegradable and renewable form of energy, consisting of mono alkyl esters of fatty acids derived from sources such as vegetable oils and animal fats, has cardinal potential as alternative fuels [2] . Typically, preparation of the biodiesel includes esterification and transesterification, each of which also includes homogeneous and heterogeneous catalytic process. The heterogeneous catalysis concerned simple separation, reusable, lowcost, and environmentally friendly advantages compared to the homogeneous catalysis. Among them, the solid basemediated process is one of the most commercially useable methods in transesterification to produce biodiesel under mild reaction conditions with high efficiency, but it is quite limited for high acidic oils, CO 2 , and H 2 O, and outflow of the catalyst is serious. In contrast, the solid acid catalyst is more effective for converting high free fatty acids (FFA) although harsh reaction conditions (high reaction temperature, long reaction time, relatively high pressure, and high alcohol-oil ratio) are required in esterification [3] [4] [5] . Therefore, acidcatalyzed esterification combined with alkali-catalyzed transesterification of feedstocks having high FFA contents has been developed for biodiesel production [6] [7] [8] [9] .
Tagusagawa et al. [10, 11] investigated the solid acids Nb Mo 10− and Nb W 10− mixed oxides prepared using a poly block copolymer surfactant pluronic P-123 by a sol-gel method for biodiesel production. When the molar ratio of Nb/Mo and Nb/W was 3 : 7, the catalysts exhibited the highest catalytic activity in esterification. However, the templating agent P123 is rather expensive and the period of the catalyst preparation is quite long (14 days) .
In 2013, we investigated the natural calcite and dolomite modified with stearic acid via simple thermal decomposition of the reaction mixtures for preparing a series of solid base catalysts. It was demonstrated that the solid base catalysts modified with the templating agents-stearic acid (SA) were environmentally friendly and displayed high catalytic activity for transesterification reactions. The highly efficient catalysts had the high special surface areas and base site densities. In 2 International Journal of Chemical Engineering addition, the mixed-oxide catalysts could be reused several times without significant loss of catalytic activity [12] .
In this study, we used SA and P-123 as template to modify the Ta-W and Nb-W mixed oxides, separately synthesizing mesoporous solid acid catalysts Ta 3 W 7 -SA and Nb 3 W 7 -SA. The as-prepared catalysts were characterized by XRD, SEM, TEM, BET, and NH 3 -TPD. Besides, the activity of the prepared catalysts was assessed for three high acid value plants oils (Euphorbia lathyris L., Sapium sebiferum L., and Jatropha curcas L.) in esterification reaction. The formation of acidic sites on the catalysts was investigated via the Hammett indicator method, and the optimized reaction conditions were also carried out. 
Experimental

Catalyst Preparation.
Mesoporous Ta 3 W 7 -P123 mixed oxides: 1.00 g P-123 was added to 10.00 g anhydrous npropanol and stirred for 0.5 h. To the stirring solution of anhydrous alcohol, 0.0018 mol NbCl 5 and 0.0042 mol WCl 6 (total chloride: 0.06 mmol) were added; then 30 mmol distilled water was added and stirred for another 0.5 h. The resulting solution was placed in a porcelain boat for 14 days at 40 ∘ C. The product was calcined in a tube furnace in air flow rate of 40 L/h, 1 ∘ C/min heating to 600 ∘ C. When the temperature was raised to 600 ∘ C, air was stopped and incubated for 5 h at 600 ∘ C. Mesoporous Nb 3 W 7 -P123 mixed oxides: same method was used to prepare mesoporous Ta 3 W 7 -SA mixed oxides by changing the raw materials.
Mesoporous Ta 
NH 3 -TPD.
The catalysts' relative acid site intensity and distribution were obtained by using an AutoChem 2920 chemisorption analyzer.
Catalytic Activity for Esterification.
The amount of JCO, ELO, and DSSKO was weighted and added to the autoclave, respectively. Then, a certain amount of methanol and catalyst was mixed into above oil. The autoclave was installed and put into the oil bath pot with magnetic stirring apparatus, after a period of time of reaction, an appropriate amount of petroleum ether was added to the reaction mixture, shaken up, and filtrated, and the filtrate was distilled under reduced pressure (Scheme 1). The acid value of the base oil and esterified oil was examined via the method of the ISO 660-1996. The conversion rate of FFA was counted by the following formula [13, 14] :
FFA conversion (wt.%) = initial acid value − final acid value initial acid value .
(1) (Figure 1 ), separately. The weightlessness of mesoporous Nb 3 W 7 oxide (P-123) and Ta 3 W 7 oxide (P-123) occurred at 200 ∘ C mainly; the weightlessness value was 42.61 wt% and 35.03 wt%, respectively. But, the weight loss of mesoporous Nb 3 W 7 and Ta 3 W 7 oxide (stearic acid) was 84.56 wt% and 88.86 wt% at 400 ∘ C, respectively. Furthermore, these four catalysts showed no significant weight loss at 400-750 ∘ C. Thus, the catalysts were calcined with an air flow rate of 40 L/h in the tube furnace and the temperature was raised to 600 ∘ C with 1 ∘ C/min (maintained at this temperature for 300 min). Figure 3 shows the SEM image of the mesoporous Ta 3 W 7 oxide (stearic acid) catalyst. The sample formed an uneven surface due to the accumulation of small particles. Part of the holes formed makes the catalyst have more active sites to improve the catalytic activity. Moreover, the sample surface was uniform, as it could be obtained from Figure 3 (b).
Results and Discussion
Scanning Electron Microscopy (SEM).
Transmission Electron Microscopy (TEM).
In order to obtain structural characteristics of the mesoporous Ta 3 W 7 oxide (stearic acid) catalyst, the sample was characterized via the transmission electron microscopy (TEM). It can be seen from Figure 4 (a) that uniform mesoporous one-dimensional pore structure and existing grooves were generated on the surface of the sample. Therefore, the structure resulted in a large specific surface area for the catalyst [15] ; the result was consistent with N 2 adsorption-desorption and pore size distribution analysis (Figures 5 and 7 ). Moreover, uniform particle size (10-15 nm) was shown in Figure 4 (b) and the agglomeration was not found.
Specific Surface Area (SSA) and Pore Size Distribution
Analysis. The N 2 adsorption/desorption isotherms and pore size distribution curves for this series of solid acid catalysts were shown in Figures 5-7 . The specific surface area, the average pore diameter, and pore volume data of the catalysts were showed in Table 1 . As seen from Figure 5 , five catalysts possessed IV adsorption isotherm of H1-type hysteresis loop, and the isotherms became flatten at the strong pressure area ( / ). It was shown that these catalysts had uniform mesoporous pore size distribution [16] , which was consistent with the pore size distribution curves (Figures 6 and 7) . Among the five catalysts, the calcination with the heating rate of 1 ∘ C/min processed Ta 3 W 7 oxide (stearic acid) showed the largest SSA (107.49 m 2 /g, Table 1 ). But, the SSA of Ta 3 W 7 oxide (stearic acid, 4 ∘ C/min) was only 86.27 m 2 /g. In addition, the closing point of hysteresis loop of the mesoporous Ta 3 W 7 oxide (stearic acid, 4 ∘ C/min) moved to high / 0 compared with the mesoporous Ta 3 W 7 oxide (stearic acid, 1 ∘ C/min, Figure 5 ). It was inferred that the pore size of the mesoporous Ta 3 W 7 oxide (stearic acid, 4 ∘ C/min) was larger, and this result could be verified from Figure 6. 3.1.6. Acidity. The mesoporous Ta 3 W 7 oxide (P-123) and mesoporous Ta 3 W 7 oxide (stearic acid) were tested by NH 3 -TPD to explain the relationship between the chemical properties of solid acid catalysts and catalytic properties. (stearic acid) and mesoporous Ta 3 W 7 oxide (P-123) showed not only NH 3 desorption peak in the vicinity of 170 ∘ C, but also desorption peak at 800 ∘ C high temperature nearby. It was illustrated that these two kinds of samples had two different acid sites, and the appearance of NH 3 desorption peak at 800 ∘ C meant high acid strength. It was proposed that the high valence of W 6 + and low valence of Ta 5 + could produce strong Bronsted acidic sites for the between ions of isomorphic substitution effect [10, 11] . The acid site density of the mesoporous Ta 3 W 7 oxide (stearic acid, 1.233 mmol/g) was larger than that of the mesoporous Ta 3 W 7 oxide (P-123, 0.347 mmol/g) from the NH 3 -TPD too. This result illustrated that the catalytic active sites were greatly connected with the preparation method of the catalyst when the elements were the same. ∘ C/min) were investigated under the identical conditions: the amount of catalyst 5 wt%, methanol to oil molar ratio of 8 : 1 and at 180 ∘ C for 1 h, respectively, and the catalytic activity of the above catalysts were evaluated via FFA conversion rate ( Figure 9) .
The results showed that the mesoporous Ta 3 W 7 oxide (stearic acid, 1 ∘ C/min) exhibited the best activity in esterification. Although SSA of the mesoporous Nb 3 W 7 oxide (stearic acid) was almost the same as the mesoporous Ta 3 W 7 oxide (P-123) and the former was only one-third of the latter with the density of active sites, the esterification activity of the mesoporous Nb 3 W 7 oxide (stearic acid) exceeded the mesoporous Ta 3 W 7 oxide (P-123). The performance of catalyst was deduced to be affected by the active site density, strength, and physical structure [18, 19] .
Single Factor Optimization.
In this study, the high acid value Jatropha oil (25.41 mg KOH/g) was used as the feed oil, which is quite high in relative to the natural vegetable oils [20] . Single factor (methanol/oil molar ratio, reaction time, and reaction temperature) of the mesoporous Ta 3 /W 7 oxide (stearic acid, 1 ∘ C/min) was optimized with 5 wt.% catalyst loading.
(1) Methanol/Oil Molar Ratio. 5 wt.% mesoporous Ta 3 /W 7 oxide (stearic acid, 1 ∘ C/min) was added to the molar ratio of methanol to oil of 8 : 1, 10 : 1, and 12 : 1 at 180 ∘ C for 1 h, respectively. The FFA conversion rate was used as the standard to measure the catalytic activity of the catalyst, and the results are illustrated in Figure 10 . When the methanol to oil molar ratio was 8 : 1, the FFA conversion rate reached 70.43%, and when the molar ratio of methanol to oil increased to 10 : 1, 72.76% of the FFA conversion rate was attained. But, with further enhancing the methanol to oil molar ratio to 12 : 1, the FFA conversion rate was not improved significantly.
(2) Reaction Temperature. Kulkarni et al. [21] found that the polymerization reaction would occur as the unsaturated fatty oils acids of the animal and vegetable fats were heating at a temperature above 225 ∘ C. Therefore, the reaction temperature was selected at 160 ∘ C, 180 ∘ C, and 200 ∘ C respectively, and the catalysts in an amount of 5 wt.% and 10 : 1 methanol/oil ratio were used to investigate the catalytic activity of the mesoporous Ta 3 /W 7 oxide (stearic acid, 1 ∘ C/min). As seen from Figure 11 , without considering the amount of catalyst, impact of the reaction temperature is great for the mesoporous Ta 3 /W 7 oxide (stearic acid, 1 ∘ C/min). The FFA conversion rate was 51.29% at 160 ∘ C; however, when the 6 International Journal of Chemical Engineering temperature was raised to 180 ∘ C, the FFA conversion rate reached 72.61%. If the temperature rose to 200 ∘ C, the FFA conversion rate had no significant improvement; moreover, the color of the product became darker.
(3) Reaction Time. The reaction time (1, 2, and 3 h) was studied on the basis of the above optimal reaction conditions (methanol/oil molar ratio and reaction temperature). The optimum reaction time of 2 h was determined from Figure 12 . Extension of the reaction time did not improve the FFA conversion rate significantly because the esterification reaction was a reversible equilibrium; when the reaction of H 2 O in the system reached a certain content, the reaction was difficult to carry out the forward reaction.
Through a series of single factor experiments, the optimal conditions of the mesoporous Ta 3 /W 7 oxide (stearic acid, 1 ∘ C/min) for high acid value Jatropha oil (25.41 mg KOH/g) in the esterification reaction: 10 : 1 ratio of methanol to oil, 5 wt.% of the catalyst, and at 180 ∘ C for 2 h could give 75.10% conversion rate. Moreover, the reaction conditions reported in this work are much milder than those of WO 3 /ZrO 2 (9 : 1 ratio of methanol to oil, 20 wt.% of the catalyst, and 150 ∘ C for 2 h) [22] , SnO 2 -SiO 2 (24 : 1 ratio of methanol to oil, 5 wt.% of the catalyst, and 180 ∘ C for 5 h) [23] , and WO 3 (30 wt%)/AlPO 4 (30 : 1 ratio of methanol to oil, 5 wt.% of the catalyst, and 180 ∘ C for 5 h) [24] . Under the optimal conditions, the mesoporous Ta 3 /W 7 oxide (stearic acid, 1 ∘ C/min) was almost the same with the esterified high acid Jatropha oil (25.41 mg KOH/g).
Reusability of Catalyst.
The reusability was an important key for the heterogeneous catalyst [25] . The recovered mesoporous Ta 3 W 7 oxide (stearic acid, 1 ∘ C/min) was repeatedly washed with hexane, dried in vacuo, and calcined under the conditions of preparation of the fresh catalyst. Figure 13 shows the recycling results of the mesoporous Ta 3 W 7 oxide (stearic acid) and Ta 3 W 7 oxide (P123) catalyst in esterification reaction under the optimized reaction conditions. It was clearly found that these two catalysts could be reused for three times via regeneration, while the activity of Ta 3 W 7 oxide (P123) (59.06%, 53.21%, 50.56%, 42.12%, and 35.17%) in five consecutive cycles was not as good as Ta 3 W 7 oxide (stearic acid) (74.52%, 69.64%, 65.62%, 44.99%, and 37.08%). The change in physical properties of the catalyst after the reaction was proposed to result in the loss of the catalytic activity, based on a series of characterizations (Supporting information in Supplementary Material available online at https://doi.org/10.1155/2017/9136528). 
Conclusions
In this study, we used the stearic acid instead of the expensive P-123 as the templates to prepare the solid acid catalysts Ta 3 W 7 and Nb 3 W 7 oxide of high activity, high surface areas, and mesopores by a thermal decomposition route. The surface area of both catalysts was 66.12 m 2 /g and 107.49 m 2 /g, respectively. Compared with the preparation method of the mesoporous Ta 3 W 7 and Nb 3 W 7 oxide with P-123, this method shortened the preparation period from 15 days to 1 day and reduced 80% of cost. Among the catalysts, the mesoporous Ta 3 W 7 oxides (stearic acid, 1 ∘ C/min) had the highest the specific surface area and high strength acid sites and showed the best catalytic activity in esterification of the high acid value Jatropha oil (acid value: 25.41 mg KOH/g). The acid value could be reduced from 25.41 to 5.52 mg KOH/g under the amount of catalyst 5 wt%, the molar ratio of methanol to oil 10 : 1, and the reaction at 180 ∘ C for 2 h. Furthermore, the catalyst was used to catalyze the Jatropha curcas L. oil, Sapium sebiferum L. oil, and Euphorbia lathyris L. oil with the acid value of 9.34 mg KOH/g, 9.17 mg KOH/g, and 4.89 mg KOH/g via esterification reaction, and the resulting product acid number dropped to 2.09 mg KOH/g, 1.73 mg KOH/g, and 1.08 mg KOH/g separately. Generally speaking, the modification method with the stearic acid could effectively improve the specific surface area and density of active sites of the solid acid catalyst and exhibit the high catalytic performance for the oil of high acid in esterification. Evaluations on the cost of industry and other related economics of the catalysts will be studied in our future work.
